CD5 is constitutively expressed on T cells and a subset of mature normal and leukemic B cells in patients with chronic lymphocytic leukemia (CLL). Important functional properties are associated with CD5 expression in B cells, including signal transducer and activator of transcription 3 activation, IL-10 production and the promotion of B-lymphocyte survival and transformation. However, the pathway(s) by which CD5 influences the biology of B cells and its dependence on B-cell receptor (BCR) co-signaling remain unknown. In this study, we show that CD5 expression activates a number of important signaling pathways, including Erk1/2, leading to IL-10 production through a novel pathway independent of BCR engagement. This pathway is dependent on extracellular calcium (Ca 2+ ) entry facilitated by upregulation of the transient receptor potential channel 1 (TRPC1) protein. We also show that Erk1/2 activation in a subgroup of CLL patients is associated with TRPC1 overexpression. In this subgroup of CLL patients, small inhibitory RNA (siRNA) for CD5 reduces TRPC1 expression. Furthermore, siRNAs for CD5 or for TRPC1 inhibit IL-10 production. These findings provide new insights into the role of CD5 in B-cell biology in health and disease and could pave the way for new treatment strategies for patients with B-CLL.
INTRODUCTION
CD5 is expressed on T cells and a subpopulation of B cells, specifically B1 cells. 1 B1 cells comprise a large subset of B lineage cells during early life, but their frequency among total B cells declines with age. 2 The B1 subset has important roles in the immune system, produces natural antibodies and contributes to innate immunity. However, these cells can also give rise to leukemic B cells in patients with chronic lymphocytic leukemia (CLL). 3 The involvement of CD5 in the pathophysiology of B-CLL has yet to be conclusively established, but there is evidence that CD5 is involved in B-CLL development, at minimum through the production of IL-10. 4 CD5 + B cells produce IL-10 and are the main B-cell source of this cytokine. 5 This ability is relevant to B-CLL pathophysiology because IL-10 acts as a growth factor for B cells via its stimulatory 6, 7 and anti-apoptotic properties. Furthermore, IL-10 production is associated with the outcome of CLL 9 and with a malignant genotype. 10 Recently, we revealed that CD5 induces IL-10 production by activating signal transducer and activator of transcription 3 (STAT3) and nuclear factor of activated T cells 2 (NFAT2) in a subset of B-CLL cells. 11, 12 Interestingly, the activation of these transcription factors influences disease progression in patients with B-CLL. 13, 14 CD5 is a member of the conserved scavenger receptor cysteine-rich superfamily. 15 It has a cytoplasmic tail that exerts no enzymatic activity but contains a conserved motif with a threonine and four tyrosine residues. Two of these tyrosines (Y429 and Y441) serve as docking sites for phosphorylated Src homology 2 (SH2) domain-containing proteins. 16 In T and B lymphocytes, CD5 associates with Src kinases such as Lyn, which phosphorylates the SH2 domain of CD5, creating docking sites for Lck, Zap70, PI3K, c-Cbl and the SH2/SH3 RasGap. 17, 18 In contrast, the phosphatase SHP1 binds CD5 on Y378. 19 In a yeast two-hybrid system, CD5 was found to associate with CAM kinase IIδ and casein kinase II (CK2), which phosphorylate CD5 serine 459 (Ser 459 ) and serine 461 (Ser 461 ), respectively. 20, 21 CD5 + B lymphocytes exhibit delayed JNK activation and lack the ability to induce p38 MAPK and NF-κB activation upon B-cell receptor (BCR) crosslinking, although Erk1/2 and NFAT2 are constitutively active. 22 Furthermore, CD5 reduces intracellular Ca 2+ mobilization upon BCR engagement. 23 On the basis of these findings, CD5 has been implicated in B-lymphocyte tolerance and leukemic transformation. 24 In this study, we report changes in multiple intracellular signaling pathways resulting from CD5 expression. CD5 promotes constitutive MAPK activation through a Ca 2+ -dependent pathway, leading to Erk1/2 phosphorylation (pErk1/2) and IL-10 production. This IL-10 production is independent of BCR engagement but is associated with the expression of a non-selective channel permeable to Ca 2+ , transient receptor potential channel 1 (TRPC1). In addition, CD5 promotes the activation of the PI3K/Akt/mTOR pathway, which has important roles in B-cell survival and proliferation. These effects occur through the ability of CD5 to activate a range of key kinases. 25 Furthermore, we show that in pErk1/2-positive CLL B cells, small interfering RNA (siRNA) against CD5 suppresses TRPC1 expression, while siRNAs against CD5 or TRPC1 inhibit IL-10 production.
MATERIALS AND METHODS

Patients
Twenty-six patients who fulfilled the criteria for CLL 26 were recruited at the Centre of Ressources Biologiques-santé in Brest (Table 1) . Disease assessment included Binet stage determination, progression-free survival, CD38 expression, cytogenetic abnormalities and lymphocyte counts. Informed consent was obtained from all patients, and the Ethical Committee at Brest University Medical School Hospital approved the study. B cells were enriched to 496% using an enrichment kit (StemCell Technologies, Cambridge, UK).
Cell culture
The CD5-negative hairy B-cell leukemia cell line Jok-1, 27 which possesses the phenotypic characteristics of B-CLL cells, 28 was transfected with cDNA for either the membrane isoform of CD5, E1A (Jok-E1A) or the cytoplasmic E1B isoform (Jok-E1B). 11 Cells were maintained in RPMI-1640 containing 10% fetal calf serum, antibiotics and 0.5 mg/ml G418 (Sigma-Aldrich, Dorset, UK). For activation, 10 6 cells/ml were stimulated with 10 μg/ml goat F(ab')2 anti-human IgM coated onto Sepharose beads (Bio-Rad, Hemel Hempstead, UK). For inhibition experiments, 10 6 cells/ml were incubated for 48 h with 50-100 μM PD98059 (inhibits Mek1; Calbiochem, Watford, UK), 100 μM lanthanum (La 3+ ; blocks extracellular Ca 2+ entry; Sigma-Aldrich) or 50 μM LY294002 (inhibits PI3K; Sigma-Aldrich) and 10 ng/ml rapamycin (inhibits mTOR; Pfizer, New York, NY, USA). IL-10 levels in culture supernatants were quantified using ELISA (BD OptiEIA; BD Biosciences, Oxford, UK).
Antibodies
Antibodies (Abs) to Erk1/2, phosphorylated-Erk1/2 (pErk1/2), Syk/pSyk, Btk/pBtk, PLCγ2/pPLCγ2, SHP1/pSHP1, SHIP/ pSHIP were obtained from Insight Biotechnology (Middlesex, UK). Abs to Lyn, c-Cbl, Vav1, CD79a, S6K/pS6K T389, STAT3/pSTAT3 S727, STAT1/pSTAT1 S727, Akt/pAkt S473 were obtained from Abcam (Cambridge, UK). The anti-CD5 clone UCHT2, the rabbit anti-extracellular TRPC1, and the mouse anti-β-actin Abs were obtained from BD Biosciences and Sigma-Aldrich, respectively.
Western blotting and immunoprecipitation
Cell lysates in 1% NP-40 buffer (1% NP-40, 150 mM NaCl, 2 mM EDTA, 10 mM Tris-HCl at pH 7.4, 5 mM sodium fluoride) containing protease/phosphatase inhibitors were separated using 10% SDS-polyacrylamide gel electrophoresis, blotted onto polyvinylidene fluoride membranes, probed with Abs and visualized with horseradish peroxidaseconjugated secondary Abs and enhanced chemiluminescence (Amersham-Pharmacia, Little Chalfont, UK). For immunoprecipitation, lysates were cleared using centrifugation, incubated with Abs coupled to protein G-Sepharose, washed and analyzed using western blotting (WB).
Flow cytometry
Expression of TRPC1 was detected with specific rabbit Abs followed by incubation with fluorescein isothiocyanateconjugated goat (Fab') 2 anti-rabbit IgG (ImmunoResearch, Newmarket, UK). Data were acquired and analyzed using an FC500 flow cytometer (Beckman-Coulter, High Wycombe, UK) relative to staining with the isotype control. The results were expressed as the mean fluorescence intensity (MFI).
Measurement of intracellular calcium (iCa 2+ ) levels
Imaging was performed to monitor iCa 2+ mobilization in B cells loaded for 30 min at 37°C with 2 μM Fura-2/AM. B cells in six independent experiments were washed and attached CD5 promotes MAPK/Erk activation and IL-10 production in B cells S Garaud et al onto cell-Taq pre-coated coverslips. Fura-2-fluorescence was excited sequentially at 340 and 380 nm, emission recorded at 520 nm and excitation/emission ratios calculated. Extracellular Ca 2+ depletion was monitored to measure iCa 2+ release. Repletion with 1.8 mM Ca 2+ was used to evaluate Ca 2+ entry, and subsequent addition of 100 μM La 3+ was used to block entry. In selected experiments, ratios were normalized to basal values (F0) at the beginning of each experiment and are provided as (ΔF/F0).
Transfection with small interfering RNA (siRNA) A total of 10 6 cells were transfected with siRNA at 3 pM using a B-cell Nucleofector Transfection Kit (Lonza, Amboise, France). siRNAs complementary to CD5 RNA plus control siRNA were purchased from Ambion (Life Technologies, Paisley, UK). siRNAs complementary to TRPC1 (3′-GCAUCGUAUUUCA CAUU CU-3′; 5′-UGAGCCUCUUGACAAACGA-3′) were obtained from Eurogentec (Seraing, Belgium).
Kinome array analysis A kinome array (Pepscan Systems, Lelystad, The Netherlands) was performed as previously described. 25 Briefly, 10 6 Jok-1, Jok-E1A or Jok-E1B cells were lysed in 50 μl lysis buffer and analyzed. The array comprises 1024 peptides representing phosphorylation sites in protein substrates of all known kinases spotted onto glass slides. Ten microliters of the peptide array incubation mix (50% glycerol, 50 μM ATP, 0.05% v/v Brij-35, 0.25 mg/ml bovine serum albumin, [ 33 P] ATP (1 MBq)) was added to each of the lysates, and the samples were loaded onto the chips and permitted to phosphorylate for 90 min at 37°C. Washed and dried slides were exposed using a phosphorimager for 72 h, and data were acquired (Storm, AmershamBiosciences). The levels of incorporated radioactivity, which correspond to phosphorylation levels, were quantified using the array software Scanalyze (Eisen Software, Toronto, ON, Canada). Differential kinase activation in Jok-E1A and Jok-E1B cells was quantified and represented as significant fold changes in the ratio of phosphorylated peptides compared with untransfected Jok-1 cells. All analyses were carried out in triplicate and repeated on two separate occasions.
Construction of CD5 mutants
Two deletion mutants, S398M start and S415M start , and three proteins with amino acid replacements were generated. The extracellular domains and transmembrane (Tm) regions in both deletion mutants were deleted. The SHP-1 and the CaM-binding motifs were removed from the S398M start CD5 promotes MAPK/Erk activation and IL-10 production in B cells S Garaud et al mutant in addition to the first CK2 motif from the S415M start mutant. These mutants were generated using PCR using ATG-containing sense/antisense primers, cloned into the pDNR-dual plasmid and subcloned into the pLPcmv vector using the Cre-recombinase system (BD Biosciences cDNA microarray cDNA microarray analysis was performed according to Agilent Technologies' instructions as described. 29 Thirteen micrograms of mRNA were reverse-transcribed and fluorescence-labeled using the cyanine 3-CTP-RNA Quick Amplification Kit. Labeled cDNAs were hybridized to the Agilent Whole Human Genome Oligo Microarray (4 × 44 k). Each sample was hybridized with three arrays as biological replicates, the slides were washed and dried and the fluorescence was quantified with a scanner (Agilent-G2565AA). The signals were analyzed after subtracting background outliers using the Feature Extraction Software (Les Ulis, France). Signal values were calculated as the ratios between the signal intensities from the Jok-E1A or Jok-E1B cells to the Jok-1 cells. The data can be viewed in the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) database (accession number GSE50714). Data normalization, quality control and probe list processing were all carried out with GeneSpring GX using the Agilent Feature Extractor plug-in. 29 RT-PCR and quantitative RT-PCR RNA was extracted using the RNeasy kit (Qiagen, Les Ulis, France) and reverse-transcribed using oligo-dT. RT-PCR was used to amplify CD5 (sense: 5′-TCGGACGGCTCAGCTGGT ATGAC-3′; antisense: 5′-TGCCATCCGTCCTTGAGGTAGAC -3′); TRPV2 (sense: 5′-TCACCGCTGTTGCCTACCATCA 3′; antisense: 5′-AGGGCTACAGCGAAGCCGAAAA-3′); TRPC1 (sense: 5′-ACCTTCCATTCGTTCATTGG-3′; antisense: 5′-TG GTGAGGGAATGATGTTGA-3′; and GAPDH (sense: 5′-TG CACCACCAACTGCTTAGC-3′, antisense: 5′-GGCATGGACT GTGGTCATGAG-3′). Amplification was performed with 150 ng of cDNA, 20 ng of genomic DNA, 200 nM primers and 2.5 units of Taq polymerase (Thermo-Fisher Scientific, Villebon-sur-Yvette, France). The protocol consisted of denaturation at 94°C for 5 min; 40 cycles of 94°C for 40 s, 60°C for 40 s and extension at 72°C for 1 min; and a final cycle at 72°C for 10 min. For quantitative real-time PCR (qRT-PCR), TaqMan gene expression assay FAM/MGB probes (Hs 00901640_ m1-human TRPV2, Hs 00608195_m1 human TRPC1, and Hs 99999905_m1 human GAPDH) were obtained from Applied Biosystems (Foster City, CA, USA). For CD5, specific primers (sense: 5′-TCGGACGGCTCAGCTGGTATGAC-3′; antisense: 5′-TGCCATCCGTCCTTGAGGTAGAC-3′) were used at 500 nM plus 1 × SYBR Green PCR Master Mix (Applied Biosystems). mRNA levels were normalized to GAPDH, and cycle thresholds were compared using the 2 − ΔΔct method.
Gene ontology and the analysis of biological pathways
The FatiGO web-interface was employed to carry out data mining using the Gene Ontology database (www.geneontology.org). The signaling pathways were grouped according to functional classes and pathways.
Statistical analyses
Differences between the cell lines were analyzed using Student's t-test and/or the Mann-Whitney U-test when appropriate. P-values were determined using the GraphPad Prism Version 6.0 (San Diego, CA, USA) statistical software package, and values less than 0.05 were considered significant.
RESULTS
CD5 promotes constitutive activation of pErk1/2
Erk1/2 is a key signaling molecule in normal and B-CLL cell survival and IL-10 production. 13 An association between CD5 expression, constitutive Erk1/2 phosphorylation (pErk1/2) and IL-10 production has been suggested. 22 To assess this association directly, we compared pErk1/2 levels in untransfected and CD5-transfected Jok-1 cells. The results revealed that Jok-1 transfection with either the membrane isoform of CD5 (Jok-E1A) or the cytoplasmic isoform (Jok-E1B) markedly enhanced constitutive pErk1/2 ( Figure 1a) . To explore the molecular mechanism(s) underpinning the increase in pErk1/2 induced by CD5, we transfected Jok-1 cells with CD5 mutants (Figure 1b Constitutive Erk1/2 phosphorylation is independent of BCR engagement Canonical BCR-dependent Erk1/2 phosphorylation involves the activation of Syk/Btk/PLCγ2 pathway, which is regulated by two phosphatases, SHP1 and SHIP. 30 To determine if constitutive Erk1/2 phosphorylation in Jok-E1A/E1B cells occurs as the result of an association between CD5 and the BCR, we determined the phosphorylation status of Syk, Btk, PLCγ2, SHP1 and SHIP in non-activated Jok-1 and Jok-E1A/E1B cells. The results showed that pSyk, pBtk, pPLCγ2 and pSHIP phosphorylation status not different in Jok-1 cells compared with Jok-E1A/E1B cells (Figure 2a) . However, the level of pSHP1 phosphorylation was higher in CD5 promotes MAPK/Erk activation and IL-10 production in B cells S Garaud et al Jok-E1A/E1B cells compared with Jok-1 cells, as previously reported in CD5 + CLL B cells. 18 To further test the hypothesis that constitutive pErk1/2 is BCR-independent in CD5 + B cells, we carried out immunoprecipitation experiments with anti-CD5 mAb (clone UCHT2) and WB (Figure 2b ). These experiments confirmed that CD5 was not associated with the BCR complex (CD79a) when the BCR was not engaged, while engagement with F(ab')2 anti-IgM resulted in the co-precipitation of CD79a with CD5. In contrast, SHP1 co-precipitated with CD5 in Jok-E1A cells only when the BCR was not engaged. These data are consistent with our previous findings showing that CD79a associates with CD5 in B-CLL only after BCR engagement. 31 To rule out the possibility that our findings were attributable to defective BCR-mediated signaling in Jok-1 cells, the kinetics of PLCγ2 and Erk1/2 phosphorylation were studied before and after BCR engagement with the F(ab')2 anti-IgM. As shown in Figure 2c , the level of pPLCγ2 phosphorylation was similar in all three cells lines before BCR engagement. PLCγ2 phosphorylation increased after 5 min and continued until 30 min post BCR engagement, confirming that BCR-mediated signaling is functional in Jok-1 cells (Figure 2c ). Phosphorylation of Erk1/2 in the three cell lines with BCR engagement was highest at 2.5 min and declined thereafter (Figure 2d) . Notably, increased pErk1/2 levels were merely additive and proportional to the baseline in the three cell lines. The data, therefore, indicate that enhanced Erk1/2 phosphorylation by CD5 occurs independent of the BCR and through different pathways.
CD5 expression induces multiple signaling pathways
To identify the signaling pathway(s) through which CD5 enhances constitutive pErk1/2, the effects of plasma membrane and intracellular CD5 isoform expression on intracellular signaling were assessed through kinome array analyses. Significant changes (Po0.05) in the phosphorylation of 1024 substrates of all known kinases were reported when the increase was ⩾ 2-fold higher, while decreases were reported when levels were 0.5-fold or less. The phosphorylation of 154 substrates was increased, and the phosphorylation of 29 substrates was decreased in Jok-E1A/E1B cells compared with Jok-1 cells (key substrates are presented in Table 2 ). Analyses of kinases and the biological pathways reflected in these changes performed using FatiGO revealed that at least two pathways, one driving Ras/Erk, calmodulin and PKC through Ca 2+ activation and another driving the PI3K/Akt/mTOR pathway, were either activated or activation was enhanced in the presence of CD5 (summarized in Figure 3a) . Activation of PI3K/Akt/mTOR was further studied using WB (Figure 3b) , which confirmed an increase in the constitutive phosphorylation of Akt and S6K in Jok-E1A/E1B cells compared with Jok-1 cells. Activation of the PI3K/Akt/mTOR pathway was related to the association between CD5 and the p85 unit of PI3K, as (Figure 3c ). Moreover, we established a link between CD5 and Lyn, as well as with the U3-ubiquitin ligase c-Cbl and the kinase Vav1, as previously described in thymocytes. 32 Comparing the effects of membrane versus cytoplasmic CD5 revealed not only the overlaps between the effects of the two isoforms on kinase activation but also the differences in how they impact signaling (Table 3 ). Both isoforms activated the Ca 2+ -dependent Ras/Erk, PKC and PI3K/Akt/mTOR pathways.
CD5 expression impacts the Ca 2+ pathway Kinome analysis indicated that constitutive Erk1/2 phosphorylation in CD5 + B cells is dependent on the Ca 2+ pathway. To verify this observation, we carried out single-cell video microscopy and observed an elevated resting initial fluorescence ratio, suggesting an increase in the basal level of iCa 2+ in Jok-E1A cells compared with Jok-1 cells (340/360: 1.155 ± 0.009, n = 1723, in Jok-E1A cells versus 1.067 ± 0.007, n = 1623, in Jok-1 cells; Po0.001, Figures 4a and b) . Jok-E1B cells were excluded from this analysis because these cells constitutively express the fluorescent marker GFP. On the basis of the observation that such effects could be reversed when Ca 2+ was depleted from the media in the absence of stimulation (Figure 4b ), we next assessed whether this increase could be the result of elevated constitutive extracellular Ca 2+ entry. To test this, we carried out Ca 2+ repletion experiments followed by the addition of the non-selective plasma membrane Ca 2+ channel blocker La 3+ . The results revealed that with Ca 2+ repletion, iCa 2+ increased in resting Jok-E1A cells (ΔF/F0: 0.16 ± 0.01 Jok-E1A cells versus 0.08 ± 0.01 Jok-1 cells, Po0.001) (Figures 4c and d) . In addition, the experiments indicated that this effect can be reversed with La 3+ . These The two graph panels to the right of the western blots represent semi-quantification data for the levels of pPLCγ2 as in c and pErk1/2 in d for the signaling molecules, represented as the ratio of band intensity for the phosphorylated proteins to the band intensity of the total protein. BCR, B-cell receptor; BTK, Bruton's tyrosine kinase; Erk1/2, extracellular signal-regulated kinases 1/2; IP, immunoprecipitation; pPLCγ2, phosphorylated PLCγ2; SHIP, SH2-containing inositol phosphatase; SHP1; SH2 domain-containing protein tyrosine phosphatase-1; WB, western blotting.
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findings confirm the hypothesis that the effect of CD5 is dependent on membrane Ca 2+ channels.
We next carried out inhibition experiments to confirm the dependence of Erk1/2 phosphorylation by CD5 on Ca 2+ using PD98059 and La 3+ . PD98059 inhibits MEK/Erk activation, while La 3+ inhibits extracellular Ca 2+ entry. In addition, as increases in iCa 2+ and Ca 2+ influx in lymphocytes may involve the PI3K/Akt/mTOR pathway, which is activated in resting CD5 + B cells as shown in this study, pErk1/2 activation was evaluated in the presence of LY294002, which inhibits PI3K, and rapamycin, which inhibits mTor. 33, 34 Interestingly, LY294002 and rapamycin had no effects on pErk1/2 in contrast to PD98059 and La 3+ (Figure 5a ). To confirm this observation, we assessed whether the phosphorylation of STAT1/3 S727 also occurred independent of the PI3K/mTor pathway. 35 Again, PD98059 and La 3+ , but not LY294002 or rapamycin, inhibited pSTAT1/3 S727 in Jok-E1A/E1B cells. Furthermore, PD98059 and La 3+ also inhibited IL-10 production (Figure 5b ). These data, therefore, indicate that iCa 2+ and constitutive Erk1/2-STAT1/3 phosphorylation increase when CD5 is expressed in B cells, bypassing the PI3K/Akt/mTOR pathway, and this may result from the transient upregulation of Ca 2+ membrane channel(s). 
CD5 expression alters the transcriptome of B lymphocytes
To provide further insight into the impact of CD5 on B cell biology, we analyzed the transcriptome of the Jok-E1A
and Jok-E1B cell lines compared with the Jok-1 cell line using a whole-human genome oligonucleotide microarray. The analyses revealed that the expression levels of 621 unique genes were altered in Jok-E1A cells compared with Jok-1 cells. Specifically, the expression of 502 (80.8%) genes increased by 41.5-fold in CD5-E1A cells compared with Jok-1 cells, while the expression of 119 (19.1%) genes decreased by 41.5-fold in CD5-E1A cells compared with Jok-1 cells. These results reveal the similarities between some of the altered genes and those identified in a previous study in Daudi B cells transfected with CD5 (Supplementary Data). Thus, among those genes whose expression was altered 42-fold, the expression of 45 genes was found to be upregulated and seven were downregulated in both cell lines. Some of the genes demonstrating altered expression were genes encoding cytokines and chemokines (IL-10, IL2RG and CCL3), signaling molecules (MKNK2 and RGS1), apoptosis inhibitors (Bcl-2), transcription factors (NF-KB2, Spi-C) and cell surface receptors (CD83, CD74, CD54/ICAM1 and CD69). 10 With the exception of 4 genes (TRIM68, FRDM6, DYNLRB1 and FLJ11710), no differences were observed between Jok-E1A and Jok-E1B cells. Analysis of alterations in Ca 2+ -permeable channel expression revealed upregulation of genes encoding the cationic channel TRPV2 and TRPC1 in both Jok-E1A and Jok-E1B cells This table lists the number of target peptide substrates whose phosphorylation status is upregulated (Up) or down-regulated (Down) in Jok-E1A and Jok-E1B cells when compared with untransfected Jok-1 cells. The analysis was carried out as described in Table 2 legend and is drawn on data summarized in the same Table. CD5 promotes MAPK/Erk activation and IL-10 production in B cells S Garaud et al compared with Jok-1 cells. Upregulation of both the TRPV2 and TRPC1 genes was confirmed using RT-PCR in Jok-E1A/ E1B cells (Figure 6a ).
CD5 drives TRPC1 expression and IL-10 production in pErk1/2-positive B-CLL cells To verify that CD5 drives IL-10 production through the upregulation of TRPC1 and/or TRPV2, B cells from 26 patients with CLL were segregated into two groups based on the phosphorylation status of pErk1/2 as determined using WB ( Figure 6 , and data not shown). As expected, pErk1/2 activation was associated with IL-10 production (Po0.01) in B-CLL cells (Figure 6c ). TRPV2 was detectable at low levels in B cells from some CLL patients, but no differences were observed between pErk1/2 + and pErk1/2 − B-CLL in terms of TRPV2 transcripts as assessed using qRT-PCR (Figure 6c ). In contrast, TRPC1 transcripts were detectable at significantly higher levels in pErk1/2 + B-CLL patients compared with pErk1/2 − B-CLL patients (Po0.001). Notably TRPV2 and TRPC1 were not detectable in B or T cells from healthy controls (data not shown). Flow cytometry confirmed that the TRPC1 protein was expressed on B cells from pErk1/2 + CLL patients (MFI TRPC1: 1.9 ± 1.3 in pErk1/2 + CLL patients versus 0.4 ± 0.1 in pErk1/2 − CLL patients, Po0.05) (Figure 6d ). These data are consistent with the expression of TRPC1 in the Jok-E1A cell line (MFI: 5.9 ± 2.4 versus 0.4 ± 0.3 in Jok-1 cells, Po0.01).
The levels of Erk1/2 phosphorylation and TRPC1 expression were independent of age, sex, CLL stage, disease progression, CD38 expression or the cytogenetic status of the patients. Finally, to confirm that CD5 induces TRPC1 expression and promotes IL-10 production, we employed siRNA targeting CD5 and TRPC1 to transfect B-CLL cells from 3 pErk1/2 + and 3 pErk1/2 − patients. After 2 days of culture, reductions in CD5 were evaluated at the mRNA level in CD5 and TRPC1 siRNA transfected B-CLL cells from both groups. The expression of TRPC1 was reduced with cd5-siRNA and TRPC1-siRNA in pErk1/2 + B-CLL cells (Figure 6e ). Both siRNAs resulted in the inhibition of IL-10 production in pErk1/2 + B-CLL cells. Collectively, these results indicate that in pErk1/2 + B-CLL cells, CD5 promotes IL-10 production through a BCR-independent Ca 2+ -dependent pathway that involves the non-selective Ca 2+ channel protein TRPC1.
DISCUSSION
This study reveals that CD5 directly alters the biology of B cells and induces IL-10 production. The molecular pathways through which CD5 modulates B-cell biology appear to be mediated through Erk1/2 activation in a Ca 2+ -dependent pathway and involve the non-selective Ca 2+ channel TRPC1. Interestingly, the changes induced by CD5 are distinct from the negative modulating effects that it exerts on BCR signaling. Furthermore, the data reveal that pathways induced by CD5 in B cells are similar to those activated in B-CLL, as induced CD5 expression replicates several characteristics of neoplastic B cells, including constitutive basal Erk1/2 phosphorylation. This CD5 promotes MAPK/Erk activation and IL-10 production in B cells S Garaud et al observation is consistent with previous studies 13 , as is the ability of CD5 to activate STAT1/3 35 and IL-10 production; 8 these are all features of neoplastic B-CLL cells. In addition, CD5 expression resulted in the perturbation of Ca 2+ homeostasis, leading to increased basal iCa 2+ . 36 Consistent with our observation that the expression of CD5 induces biological changes in a manner that is distinct from its role in modulating effects on BCR-mediated signaling, we observed that CD5 exerts a distinct effect on Ca 2+ mobilization in both settings. 31 The characteristics noted in CD5 + B cells are similar to those observed in anergic 37, 38 B cells and CD5 + transitional B cells. [39] [40] [41] This 'anergic signature' was previously shown to be a characteristic feature of B-CLL cells. 42 Interestingly, the anergic phenotype of B cells was shown to be reversed in hen egg lysozyme (HEL) transgenic mice when the mice were CD5-deficient. 24 The current study also provides in-depth analysis of the pathways leading to the constitutive activation of Erk1/2 and IL-10 production in B-CLL cells. Thus, the study shows that a Ca 2+ influx-dependent pathway is involved in constitutive Erk1/2 phosphorylation and IL-10 production. Unlike conventional CD5 − B2 cells in which Erk1/2 phosphorylation is mediated through Syk/BTK/PLCγ2 and PI3K activation following BCR engagement, 43 constitutive Erk1/2 phosphorylation by CD5 occurs independent of this pathway. This was demonstrated through the finding that Syk, BTK and PLCγ2 were not activated in unstimulated CD5 + B cells and that the inhibition of PI3K by LY294002 was ineffective at suppressing constitutive Erk1/2 phosphorylation, which stands in contrast to the effectiveness of the non-selective Ca 2+ channel blocker La 3+ . The newly identified pathway is compatible with the observations that inhibition of Erk1/2 phosphorylation in B-CLL cells does not occur immediately after BTK inhibition 44 and that Erk1/2 phosphorylation in leukemic B cells in patients with CLL failed to mobilize Ca 2+ upon BCR crosslinking. 13, 42 Figure 5 CD5 promotes the phosphorylation of Erk1/2 and STAT1/STAT3 S727 and IL-10 production, which are dependent on extracellular Ca 2+ entry. (a) Analysis of constitutive Erk1/2 phosphorylation, STAT1 S727 phosphorylation, STAT3 S727 phosphorylation and (b) IL-10 production in Jok-1, Jok-E1A and Jok-E1B cells after 48 h of culture in the presence of PD98059 (at 50 μM for WB and at 100 μM for IL-10 production), lanthanum (La 3+ ), rapamycin (Rapa) or Ly294002 (Ly29). PD98059 inhibits MEK1 and 2; La 3+ blocks extracellular Ca 2+ entry; rapamycin inhibits PI3-K/mTOR; and Ly294002 inhibits PI3K/Akt. Cells cultured without inhibitors are used as controls and marked 'c'. IL-10 levels produced by cells cultured either alone or with the indicated inhibitors were determined using ELISA, and IL-10 levels are expressed as the percentage of basal values; % reduction is presented as the mean and s.e.m. for three independent experiments. The basal value of IL-10 was 32 ± 6.9 pg/ml in Jok-1 cells and 105 ± 8.7 pg/ml for CD5-transfected cells. * indicates Po0.05 for IL-10 production levels in the presence of a given inhibitor compared with cultured cells without inhibitors as determined by the Mann-Whitney U-test. ELISA, enzyme-linked immunosorbent assay. WB, western blotting.
Given that CD5 + B cells in healthy individuals, patients with autoimmune diseases such as systemic lupus erythematosus, and also patients with CLL cells express both isoforms of CD5, 45 albeit at different levels, we studied whether these two isoforms differentially impact intracellular signaling. The results indicated that there were no major differences in terms of the effects that the two isoforms exert on intracellular signaling in B cells with the exception that E1B-CD5 cells downregulated the level of CD5 expression on the membrane. 12, 45 These results indicate that the 428 EYS 430 motif is functional in both isoforms, which is in agreement with previous studies showing that the CD5 Y 429 is constitutively phosphorylated in B-CLL cells, 10 most likely by Lyn, 18 and that this phosphorylation has a positive effect on transcription but a negative effect on BCRmediated signaling.
The mechanisms through which CD5 exerts a dual role in modulating B-cell signaling and biology, however, remain unclear. This is in part due to the capacity of CD5 to activate a large array of kinases and phosphatases, as shown in our current study. Consistent with the inhibitory effects of CD5 on BCR-mediated signaling, we observed that CD5 associates with SHP1 and c-Cbl in resting cells but with CD79a following BCR engagement. The positive effect of CD5 on gene transcription, however, appears to be attributable to the recruitment of key , TRPC1 (n = 26) and TRPV2 (n = 12) transcripts relative to GAPDH mRNA as determined using real-time PCR in B cells from pErk1/2 + and pErk1/2 − B-CLL patients. ** indicates Po0.01 and *** indicates Po0.001 for the relative levels of IL-10 and TRPC1 transcripts between pErk1/2 + and pErk1/2 − B-CLL patients, respectively, as determined using Student's t-test. (d) Representative FACS plot of extracellular TRPC1 protein expression (black histograms) in CLL#2 (pErk1/2 − ), CLL#15 (pErk1/2 + ), Jok-1, and Jok-E1A cells. MFI, indicated for each cell; isotype controls are presented as gray histograms. (e) Histograms depicting levels of TRPC1, CD5 and IL-10 transcripts in B cells from pErk1/2 + (black histograms) and pErk1/2 − (white histograms) B-CLL patients following transfection with c-siRNA, CD5-siRNA and TRPC1-siRNA. The top two histograms depict relative levels of CD5 (left) and TRPC1 (right) transcripts relative to GAPDH mRNA. The lower two histograms represent relative levels of IL-10 transcripts relative to GAPDH in pErk1/2 + (left) and pErk1/2 − patients (right). B cells from three pErk1/2 + and three pErk1/2 − B-CLL patients were studied in these experiments. * indicates Po0.05 for the levels of CD5, TRPC1 and IL-10 transcripts observed when using siRNA targeting CD5 or TRPC1 compared with c-siRNA. Statistical analyses were carried out using Student's t-test. CLL, chronic lymphocytic leukemia; c-siRNA, control siRNA; MFI; mean fluorescence intensity; RT-PCR, PCR with reverse transcription; WB, western blotting.
kinases, including Lyn, the p85 unit of PI3K and Vav1. The molecular mechanism(s) through which CD5 modulates Ca 2+ homeostasis and the role of TRPC1 in the process have yet to be defined.
The expression of TRP channels has been associated with cancer, and, in particular, TRPC1 overexpression was described in a transformed CD5 + chicken DT-40 cell line and in human B-lymphoblast cell lines. 46, 47 In DT-40 cells, TRPC1 was linked to increases in intracellular Ca 2+ and the activation of NFAT2, 46 a signaling cascade that leads to cytokine/chemokine production in B-CLL cells. Interestingly, mice deficient in TRPC1 have defective B cell functions, similar to those observed in NFAT2-deficient mice. 48 Consequently, TRPC1 upregulation in CD5 + B cells may be an important mechanism that promotes B-CLL cell survival.
CONCLUSIONS
This study provides molecular evidence that CD5 expression alters B cell biology, including the constitutive activation of key signaling pathways leading to IL-10 production. Pathways and transcription factors activated by CD5 include those involved in regulating B-cell survival, proliferation, cytokine/chemokine production and transformation. The findings reported in this study facilitate a better understanding of the biology and regulatory properties of CD5 + B cells in health and in diseases, including in patients with B-CLL, and how CD5 may potentially contribute to B-cell abnormalities. These findings may aid in the design of new treatment strategies, particularly for CLL patients identified as refractory to currently available treatments. Such treatment strategies could involve the use of monoclonal antibodies targeting membrane proteins relevant to B-CLL cell transformation, such as TRPC1 or CD5, in the form of mono or combination therapies. 28 Alternatively, signaling pathways mediated by CD5 and involved in B-CLL cell transformation may be modulated. For example, high basal Ca 2+ levels 36 or upstream kinases could be targeted, a strategy that has successfully been employed to treat patients with autoimmune diseases. 49 
